
Molecular Medicine REPORTS  29:  51,  2024

Abstract. Metabolic dysfunction‑associated steatotic liver 
disease (MASLD) is an increasingly significant global health 
burden for which there is currently no effective treatment. The 
present study aimed to explore the underlying mechanisms 
and investigate the effects of donafenib and atorvastatin in 
MASLD. The effects of donafenib and atorvastatin on the 
activity and lipid metabolism of HepG2 cells were analyzed 
in vitro. A rat model of MASLD was established induced by 
a high‑fat diet in vivo. H&E and Oil red O staining were used 

to observe the improvement in MASLD, western blotting 
analysis was used to detect the expression of proteins related 
to fat metabolism and immunofluorescence was used to detect 
reactive oxygen species (ROS) levels. In vitro, donafenib and 
atorvastatin inhibited lipid accumulation in HepG2 cells. 
In vivo, donafenib and atorvastatin activated the AMP‑activated 
protein kinase (AMPK) pathway, downregulated the expres‑
sions of proteins related to fatty acid synthesis (sterol regulatory 
element‑binding protein‑1, 3‑hydroxy‑3‑methylglutaryl‑CoA 
reductase and fatty acid synthase) and upregulated the expres‑
sion of proteins related to fatty acid β‑oxidation (carnitine 
palmitoyl‑transferase 1C and acyl‑CoA oxidase). The levels of 
free fatty acids, cholesterol and triglycerides in the liver and 
serum decreased in all three treatment groups. Additionally, 
donafenib and atorvastatin reduced oxidative stress in the 
liver tissue and decreased ROS levels. Low‑dose donafenib 
combined with atorvastatin improved MASLD by regulating 
fatty acid metabolism and reducing oxidative stress through 
activation of the AMPK signaling pathway.

Introduction

Non‑alcoholic fatty liver disease (NAFLD) is a chronic liver 
disease characterized by the accumulation of excessive fat 
in the liver, which is not attributed to alcohol consumption 
and is a major global health burden (1,2). Recently, after a 
Delphi consensus process involving global experts, the novel 
term metabolic dysfunction‑associated steatotic liver disease 
(MASLD) was proposed to replace NAFLD (3‑5). MASLD 
includes a range of liver conditions, from mild steatosis to 
more severe non‑alcoholic steatohepatitis (NASH), which is 
characterized by inflammation and damage to liver cells (6). 
The prevalence of MASLD is increasing globally, and it is 
predicted that by 2030, ~300 million Chinese, 100 million 
Americans and 15‑20 million Europeans will be affected (7). 
Currently, there is no standard treatment for NASH except 
improvements in diet and lifestyle (8). The pathogenesis of 
MASLD is complex and lipid metabolism disorders play a key 
role in it (9). Excess fatty acid accumulation in the liver due 
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to disorders of lipid metabolism is the most important patho‑
genetic cause of MASLD (10,11). These lipotoxic metabolites 
lead to hepatocyte stress, injury and death, leading to the 
progression of MASLD (12). Prior research has demonstrated 
the widespread use of sorafenib, a multi‑kinase inhibitor, for 
the treatment of liver cancer (13). Low doses of sorafenib, a 
mitochondrial uncoupling agent, inhibits NASH progression 
in mice by activating the AMPK pathway (14). Donafenib, 
a novel oral multi‑kinase inhibitor, has been developed to 
replace the hydrogen atom in the methyl group of sorafenib 
with three deuterium atoms, and has similar therapeutic 
effects as sorafenib  (15). Similar to sorafenib, donafenib 
may be a potential therapeutic agent for treating MASLD. 
Statins are frequently prescribed to lower blood lipid levels 
and have been demonstrated to play a crucial role in fat 
metabolism (16) and can act on the AMPK signaling pathway 
through various mechanisms  (17). Therefore, the present 
study examined the potential effects of low‑dose donafenib 
combined with atorvastatin on MASLD and explored the 
underlying mechanisms with the aim to provide a promising 
treatment strategy for MASLD and contribute to an improved 
understanding of its pathogenesis.

Materials and methods

Cell culture. The HepG2 cell line is derived from human liver 
cancer and was used as an in vitro model to study hepatocyte 
metabolism because of its homologous biotransforming 
metabolic enzymes to normal human hepatocytes (18,19). The 
HepG2 cells (Procell Life Science & Technology Co., Ltd) were 
cultured in 10% fetal bovine serum and 1% penicillin/strep‑
tomycin in addition to Dulbecco's modified eagle medium 
(Thermo Fisher Scientific, Inc.). Before the experiments, the 
cells were assessed for mycoplasma contamination and the 
assay was negative. Mycoplasma contamination was detected 
by chemiluminescence for 15 min at room temperature using a 
Mycoplasma test kit (Wuhan Servicebio Technology Co., Ltd.). 
The cell line was authenticated by the manufacturer of the 
cells using Short Tandem Repeat profiling to ensure that the 
HepG2 cells were not misidentified and cross‑contaminated. 
The cells were cultured at 37˚C in a humidified incubator with 
5% CO2 to ensure proper cell growth and maintenance. 

Cell viability assay. For the Cell Counting Kit‑8 (CCK‑8) assay, 
a CCK‑8 kit (Wuhan Servicebio Technology Co., Ltd.) was used. 
Cells were collected after centrifugation at 500 x g) for 5 min 
at 4˚C, resuspended in fresh medium and seeded at a density 
of five million cells/well in 96‑well plates containing 200 µl of 
medium per well. Atorvastatin (Shanghai Aladdin Biochemical 
Technology Co., Ltd.) at 5, 10, 20, 40, 80, 160 µM and donafenib 
(Suzhou Zelgen Biopharmaceuticals Co., Ltd.) at 1, 2, 4, 8, 16, 
32 µM were added to the wells, and the plates were incubated 
for 24 h at 37˚C. After incubation, the medium was aspirated, 
and 10 µl of medium containing CCK‑8 solution was added to 
each well. Then, the plates were incubated for an additional 
hour, and a microplate reader (BioTek; Agilent Technologies, 
Inc.) was used to measure the absorbance at 450 nm. 

Cell modeling of MASLD. To prepare the free fatty acid (FFA) 
mixture, fatty acid‑free bovine serum albumin, sodium oleate 

and sodium palmitate (2:1, sodium oleate to sodium palmitate) 
were used (20). Next, this FFA mixture was used to construct 
a cellular model of MASLD. HepG2 cells were in the loga‑
rithmic growth phase, the cells were divided into five groups: 
i) CTRL group (without treatment); ii) FFA group (treated with 
the FFA mixture); iii) FFA‑ATO group (treated with the FFA 
mixture and atorvastatin); iv) FFA‑DON group (treated with 
the FFA mixture and donafenib); and v) FFA‑DON + ATO 
group (treated with FFA mixture, donafenib and atorvastatin). 
Following serum starvation, the FFA and other treatment 
groups were exposed to high‑fat medium containing 1 mM 
FFA for 24 h at 37˚C, whereas the CTRL group remained 
untreated. The FFA‑ATO, FFA‑DON and FFA‑DON + ATO 
groups were also treated with atorvastatin, donafenib or both, 
respectively, for 24 h at 37˚C. The next day, the cells were 
collected and analyzed.

AMPK inhibitor. Compound C has been described to have 
effects on other kinases but is currently widely used as an 
AMPK inhibitor (21,22). In the present study, Compound C 
(Shanghai Aladdin Biochemical Technology Co., Ltd.) was 
used to inhibit AMPK activity. In vitro, compound C (5 µM) 
was added to the FFA group, FFA‑ATO group and FFA‑ATO + 
DON group. After 24 h of incubation at 37˚C, expression of 
AMPK and p‑AMPK were analyzed in each group and the 
accumulation of fatty acids in the cells of each group was 
observed using Oil Red O staining.

Animals. A total of male 40 Sprague‑Dawley rats weighing 
180‑200 g (6‑8 weeks) were obtained from The Laboratory 
Animal Center at Tongji Medical College (Huazhong 
University of Science and Technology; Wuhan, China). Rats 
were maintained under specific pathogen‑free conditions 
at 23±2˚C, 55±5% relative humidity, and a 12‑h light/dark 
cycles and had free access to food and water. All experimental 
procedures were approved by The Ethics Committee of 
Tongji Medical College, Huazhong University of Science and 
Technology (Wuhan, China; approval no. 3462) and adhered 
to the ARRIVE guidelines (arriveguidelines.org/). 

Treatment regimens with atorvastatin and donafenib. The 
rats were randomly divided into five groups: i) CTRL (n=8); 
ii) high‑fat diet (HFD; n=8); iii) HFD‑ATO (n=8); iv) HFD‑DON 
(n=8); and v) HFD‑DON + ATO (n=8). Rats in the CTRL group 
were fed a regular diet (Table SI) throughout the experimental 
period, whereas those in the other four groups were fed a HFD 
(Table SII). A previous study has shown that a 12‑week HFD 
can successfully establish a MASLD model in rats (23). During 
the first 12 weeks, no intervention was administered to any 
rats. At the beginning of week 13, the rats in the HFD‑ATO, 
HFD‑DON and HFD‑DON + ATO groups were treated with 
drug (0.5 ml) daily by gavage for 4 weeks. Rats in the CTRL 
and HFD groups were administered dimethyl sulfoxide (0.5 ml) 
by gavage. Body weight was measured during the experiment, 
and the drug amount was adjusted according to the evolution of 
the weight of the rats during the study period. Atorvastatin and 
donafenib were dissolved in a dimethyl sulfoxide solution, and 
the dose of atorvastatin was 10 mg/kg/day, based on previous 
studies (24,25). Owing to possible liver and kidney toxicity, a 
low dose of 1 mg/kg/day donafenib was used (14). 
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Tissue collection. The rats were fasted for 24 h at the end of 
the 16‑week experiment. Sodium pentobarbital 150 mg/kg was 
injected intraperitoneally, and the rats were executed by over‑
dose of anesthesia. Blood was drawn from the inferior vena 
cava after opening the abdominal cavity. After centrifugation 
at 1,500 x g) for 10 min at 4 ˚C, the serum was collected. The 
liver, heart, spleen, lung and kidneys were then collected and 
weighed, and the liver index was calculated as the ratio of liver 
weight to body weight. The serum and liver tissue samples 
were stored in a refrigerator at ‑80˚C for subsequent testing.

Biochemical analyses. The corresponding diagnostic kits 
(Thermo Fisher Scientific, Inc.) were used to measure the serum 
concentrations of FFA, total triglycerides (TG), total choles‑
terol (TC), high‑density lipoprotein cholesterol (HDL‑C), 
low‑density lipoprotein cholesterol (LDL‑C), very‑low‑density 
lipoprotein cholesterol (VLDL‑C), creatinine (CRE) and blood 
urea nitrogen (BUN), as well as the levels of alanine amino‑
transferase (ALT) and aspartate aminotransferase (AST). Part 
of the liver tissue was prepared as a liver homogenate, and 
the lipids were extracted according to previously described 
methods (26). The hepatic lipid profiles were analyzed using 
the same method as that used for serum lipid profile assays.

H&E staining and Oil red O staining. The rat liver samples 
were fixed in 4% (w/v) paraformaldehyde at 4˚C for 6  h. 
After dehydration with graded ethanol solutions, tissues were 
embedded in paraffin wax. A serial frontal section was cut 
at intervals of 5 µm and stained with H&E staining at room 
temperature (hematoxylin staining for 3 min and eosin staining 
for 15 sec) for histopathology. The sections were visualized 
under a light microscope.

For HepG2 cells, after the intervention, they were fixed 
with 4% paraformaldehyde for 25‑30 min at room tempera‑
ture. Fresh liver tissue measuring 1.0x1.0 cm was cut and 
embedded in a frozen section embedding agent and frozen at 
‑20˚C for section processing. The cells and frozen liver tissue 
were then stained with Oil Red O dye for 10 min at room 
temperature, and the morphological changes in the cells or 
tissues and deposition of lipid droplets were observed under a 
fluorescence microscope (Olympus Corporation).

Western blotting analysis. Protein samples were prepared 
in lysis buffer (Thermo Fisher Scientific, Inc.; 25 mmol/l 
HEPES, Kac 150 mmol/l, EDTA pH 8.0 2 mmol/l, NP‑40 
0.1%, NaF 10 mmol/l, PMSF 50 mmol/l, aprotinin 1 µg/µl, 
pepstatin 1 µg/µl, leupeptin 1 µg/µl, DTT 1 mmol/l). The 
protein concentrations were quantified by BCA protein assay 
(Thermo Fisher Scientific, Inc.). Gel electrophoresis was 
performed with 10‑20 µg protein using 4‑15% gels (Thermo 
Fisher Scientific, Inc.), followed by transblotting to 0.2 µm 
nitrocellulose membrane. Subsequently, the membranes were 
blocked using 5% skimmed milk at room temperature for 2 h. 
Next, the membranes were incubated at 4˚C overnight with 
the primary antibodies against p‑AMPK (1:1,000; Abcam; 
cat. no. ab133448), AMPK (1:1,000; Abcam; cat. no. ab32047), 
sterol regulatory element‑binding protein‑1 (SREBP‑1; 
1:1,000; Abcam; cat.  no.  ab28481), 3‑hydroxy‑3‑meth‑
ylglutaryl‑CoA reductase (HMGCR; 1:1,000; Abcam; 
cat. no. ab242315), acyl‑CoA oxidase 1 (ACOX1; 1:1,000; 

Abcam; cat. no. ab184032), carnitine palmitoyl‑transferase 
1C (CPT1C; 1:1,000; Abcam; cat. no. ab189182) and β‑actin 
(1:1,000; Abcam; cat. no. ab8226) in all blocking membranes, 
and then immersed in a goat anti‑rabbit horseradish peroxi‑
dase‑conjugated IgG secondary antibody (1:3,000; Abcam; 
cat.  no.  ab6721) or a goat anti‑mouse horseradish peroxi‑
dase‑conjugated IgG secondary antibody (1:3,000; Abcam; 
cat. no. ab150113) at room temperature for 2 h. Finally, the blots 
were visualized by enhanced chemiluminescence (Thermo 
Fisher Scientific, Inc.), and the results were analyzed using 
ImageJ software (version 1.0; National Institutes of Health) 
with β‑actin as the loading control.

Immunohistochemical staining. Immunohistochemical (IHC) 
staining was performed on formalin‑fixed, paraffin‑embedded 
samples as previously described (27). Briefly, the slides were 
de‑paraffinized at room temperature, washed with xylene and 
rehydrated in descending ethanol series. The liver sections 
were subjected to antigen retrieval with 0.01  M sodium 
citrate‑hydrochloric acid buffer solution and their endogenous 
peroxidase activity was blocked for 30 min in 1% hydrogen 
peroxide/phosphate‑buffered saline (H2O2/PBS) solution. 3% 
BSA (Wuhan Servicebio Technology Co., Ltd.) was used for 
blocking for 30 min at room temperature. Subsequently, the 
sections were incubated with the primary antibody against 
fatty acid synthase (FAS; 1:1,000; Abcam; cat. no. ab 128870) 
overnight at 4˚C. Then the sections were incubated with a goat 
anti‑rabbit horseradish peroxidase‑conjugated IgG secondary 
antibody (1:3,000; Abcam; cat. no. ab6721) at room tempera‑
ture for 2 h, and the sections were washed three times with 
PBS, followed by immunostaining with 3,3'‑diaminobenzidine 
for 5 min at room temperature and counterstaining of the 
nuclei with hematoxylin for 3 min at room temperature. Tissue 
staining was visualized under a fluorescence microscope 
(Olympus) after dehydration and sealing of the slides. Images 
were acquired and analyzed using a Nikon DS‑U3 microscope 
(Nikon Corporation). Fatty acid synthase (FAS) antibodies 
(1:800; Abcam) were used for immunohistochemical analysis 
of FAS expression. IHC staining results were analyzed using 
ImageJ software (version 1.0; National Institutes of Health). 

ROS content in liver tissue. A dihydroethidium (DHE) Assay 
Kit (Abcam; cat.  no.  ab236206) was used to measure the 
ROS content. DHE was incubated with the cells at 37˚C for 
30 min protected from light, and then the ROS content was 
observed under a fluorescence microscope. DHE freely enters 
the cell through the living cell membrane and exhibits blue 
fluorescence in the cytoplasm. After oxidation by intracellular 
ROS, DHE forms ethidium oxide, which is incorporated into 
the chromosomal DNA to produce bright red fluorescence in 
the nucleus. Eventually, DNA in the nucleus and cytoplasm 
appears red. The amount and change in cellular ROS content 
was measured according to the amount of red fluorescence.

Statistical analysis. Data are presented as mean ± standard 
deviation. GraphPad Prism software (version 8.0; Dotmatics) 
was used for data visualization and SPSS software (version 
26.0; IBM Corp.) was used for statistical analysis. Unpaired 
Student's t test was employed to analyze differences between 
two groups. One‑way analysis of variance was used to analyze 
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the differences between groups when data was normally 
distributed. For multiple comparisons between groups, the 
least significant difference test was used to compare the three 
groups, Dunnett's test was used for the comparison between 
different experimental groups to a single control and Tukey test 
was performed for multiple comparisons among ≥3 groups. 
For datasets with a skewed distribution, the Kruskal‑Wallis 
test was used for multiple comparisons followed by the post 
hoc Dunn's test. P<0.05 was considered to indicate a statisti‑
cally significant difference. 

Results

Donafenib and atorvastatin reduce lipid accumulation in 
HepG2 cells treated with FFA. Treatment of HepG2 cells with 
different concentrations of donafenib and atorvastatin decreased 
cell viability (Fig. 1A). Specifically, 1.22 µM of donafenib 
achieved a 10% inhibition rate of HepG2 cells, whereas treat‑
ment with 4.65 µM of atorvastatin achieved a similar inhibition 
rate. On the basis of these results, HepG2 cells were treated 
with 1.22 µM of donafenib and 4.65 µM of atorvastatin. Oil Red 
O staining of HepG2 cells (Fig. 1B) revealed significant lipid 
accumulation in the FFA group, whereas lipid accumulation in 
the FFA‑ATO, FFA‑DON and FFA‑DON + ATO groups was 
reduced to varying degrees, with the most significant reduc‑
tion observed in the FFA‑DON + ATO group. The effects of 
high concentrations of donafenib and atorvastatin on fatty 
acid metabolism were also analyzed. Higher concentrations of 
donafenib and atorvastatin inhibited fatty acid accumulation 

more significantly than lower concentrations; simultaneously, 
cell proliferation was significantly inhibited (Fig. S1).

Donafenib and atorvastatin improves MASLD in rats. A 
12‑week HFD successfully induced MASLD in rats (Fig. 2A). 
H&E staining revealed that the livers of rats in the HFD group 
exhibited steatosis, hepatocyte ballooning and extensive lobular 
inflammation, however, the three treatment groups showed 
varying degrees of improvement. According to the NAFLD 
Activity Score (NAS)  (24) of the liver histological results 
(Fig. 2B), the HFD‑DON + ATO group had the lowest mean 
NAS, indicating that the combination treatment effectively 
improved hepatocyte steatosis and inflammation. The liver 
tissue was weighed and the liver index of rats in the HFD group 
was higher than that in the other groups (Fig. 2C). Similarly, 
Oil Red O staining of liver tissue revealed significant liver 
fat accumulation in the HFD group, whereas that in the three 
treatment groups showed varying degrees of improvement in 
fat accumulation (Fig. 2D). The most significant decrease in fat 
accumulation was observed in the HFD‑DON + ATO group; 
however, it did not reach the level observed in the CTRL group.

Donafenib and atorvastatin regulate the activation of AMPK. 
The AMPK pathway plays a crucial role in fat metabolism, and 
the expression levels of AMPK in cells and liver tissues were 
analyzed using western blotting. In vitro, the expression of 
p‑AMPK in the FFA group decreased, and the p‑AMPK/AMPK 
ratio was significantly lower than that in the CTRL group 
(Fig. 3A and B). In vivo, similar results were observed, with the 

Figure 1. Donafenib and atorvastatin reduced lipid accumulation in HepG2 cells treated with FFAs. (A) Viability of HepG2 cells was assessed following treat‑
ment with donafenib and atorvastatin. *P<0.05 and ***P<0.001, compared with the control (0 µM). (B) Donafenib and atorvastatin reduced intracellular lipid 
deposition in HepG2 cells. (C) Quantitative analysis of Oil Red O staining. Data are presented as the mean ± SD. For statistical analysis, a one‑way ANOVA 
was used for (A) and (C). Dunnett was used for post hoc multiple comparisons in (A) and Tukey was used for post hoc multiple comparisons in (C). *P<0.05, 
**P<0.01, ***P<0.001 vs. FFA group; ##P<0.01 vs. FFA-ATO group; ††P<0.01 vs. FFA-DON group. ATO, atorvastatin; DON, donafenib, FFA, free fatty acid. 
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p‑AMPK/AMPK ratio in the livers of rats in the HFD group 
being significantly lower than that in the livers of rats in the 
CTRL group (Fig. 4A and B). The p‑AMPK/AMPK ratios in the 
three treatment groups were higher than that in the HFD group, 
with the HFD‑DON + ATO group showing the most significant 
increase. When Compound C was added, p‑AMPK expression 
was suppressed in the CTRL group (Fig. 5A and B). There 
was no significant difference in p‑AMPK expression in the 
FFA‑ATO and FFA‑DON groups compared to the FFA group 
(Fig. 5C and D) and the results of Oil Red O staining showed 
that the FFA‑ATO and FFA‑DON groups were not significantly 
different from the FFA group (Fig. 5E and F) when compound 
C was added. This indicated that the addition of Compound C 
caused atorvastatin and donafenib to lose their pharmacological 
effect of improving MASLD and proved that donafenib and 
atorvastatin improved MASLD by activating AMPK.

Donafenib and atorvastatin regulate fatty acid synthesis. 
Hepatic fatty acids are derived from the hepatic synthesis of 
fatty acids and the transport of extrahepatic FFAs to the liver. 
SREBP‑1, HMGCR and FAS play important roles in de novo 
fatty acid synthesis. The expression levels of SREBP‑1 and 
HMGCR in both cells and liver tissues were analyzed using 
western blotting. In vitro, the expressions of SREBP‑1 and 
HMGCR in the FFA group were significantly higher than those 
in the CTRL group, whereas the expressions of SREBP‑1 and 
HMGCR decreased in the FFA‑ATO, FFA‑DON and FFA‑DON 
+ ATO groups (Fig. 3C and D). In vivo, the expression levels 
of SREBP‑1 and HMGCR in the three treatment groups were 
lower than those in the HFD group, with the HFD‑DON + ATO 
group exhibiting the most significant decrease (Fig. 4C and D). 
Immunohistochemistry was used to detect FAS expression 
(Fig. S2). The results showed a significant decrease in FAS 

Figure 2. Effects of donafenib and atorvastatin on the histology of rats with MASLD. (A) Histological sections of rats in each group were shown (n=8). 
(B) NAS, which is the unweighted sum of semi‑quantitative scores for steatosis, lobular inflammation and hepatocyte ballooning, was calculated. (C) Liver 
index of rats (liver wet weight/rat body weight) was measured. (D) Oil Red O staining was used to determine lipid droplet deposition in hepatocytes. Data are 
presented as the means ± SD. A Kruskal‑Wallis test was used for statistical analysis of the data in (B). One‑way ANOVA (Tukey was used for post hoc multiple 
comparisons) was used for (C) and (D). *P<0.05, **P<0.01, ***P<0.001 vs. HFD group; #P<0.05, ##P<0.01 vs. HFD‑ATO; †P<0.05, ††P<0.01 vs. HFD‑DON group. 
NAS, NAFLD activity score; ATO, atorvastatin; DON, donafenib; MASLD, metabolic dysfunction‑associated steatotic liver disease; HFD, high‑fat diet. 
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Figure 4. Effects of donafenib and atorvastatin on lipid metabolism in the liver of rats with MASLD. (A) Representative blots for proteins involved in lipid 
metabolism were analyzed. (B) Quantitative analysis of (B) p‑AMPK/AMPK. (C) Quantitative analysis of SREBP‑1. (D) HMGCR. (E) Quantitative analysis 
of ACOX1. (F) Quantitative analysis of CPT1C. Data were presented as the means ± SD and analyzed by one‑way ANOVA (Tukey was used for post hoc 
multiple comparisons). *P<0.05, **P<0.01, ***P<0.001 vs. HFD group; #P<0.05, ##P<0.01, ###P<0.001 vs. HFD‑ATO group; †P<0.05, ††P<0.01 vs. HFD‑DON 
group. HFD, high‑fat diet; ATO, atorvastatin; DON, donafenib; MASLD, metabolic dysfunction‑associated steatotic liver disease; SREBP‑1, sterol regulatory 
element‑binding protein‑1; CPT1C, carnitine palmitoyl‑transferase 1C; HMGCR, 3‑hydroxy‑3‑methylglutaryl‑CoA reductase; ACOX1, acyl‑CoA oxidase 1. 

Figure 3. Effects of donafenib and atorvastatin on lipid metabolism of HepG2 cells. (A) Representative blots for proteins involved in lipid metabolism were 
analyzed. (B‑F) Quantitative analysis of p‑AMPK/AMPK, SREBP‑1, HMGCR, ACOX1 and CPT1C were shown. Data were presented as the means ± SD 
and analyzed by one‑way ANOVA (Tukey was used for post hoc multiple comparisons). *P<0.05, **P<0.01, ***P<0.001 vs. FFA group; #P<0.05, ##P<0.01 
vs. FFA‑ATO group; †P<0.05 vs. FFA‑DON group. FFA, free fatty acid; ATO, atorvastatin; DON, donafenib; SREBP‑1, sterol regulatory element‑binding 
protein‑1; CPT1C, carnitine palmitoyl‑transferase 1C; HMGCR, 3‑hydroxy‑3‑methylglutaryl‑CoA reductase; ACOX1, acyl‑CoA oxidase 1. 
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expression in all three treatment groups compared with that in 
the HFD group, with the combined treatment group showing the 
most significant decrease. When Compound C was added, there 
was no significant difference in the expression of SREBP‑1 and 
HMGCR in the FFA‑ATO and FFA‑DON groups compared 
with the FFA group (Fig. 5G‑I).

Donafenib and atorvastatin regulate fatty acid β‑oxidation. 
Fatty acid β‑oxidation is an important location of fatty acid 
metabolism in the liver, with mitochondria and peroxisomes 
being the sites of β‑oxidation. The crucial enzymes for fatty 

acid β‑oxidation in mitochondria and peroxisomes are CPT1C 
and ACOX1, respectively. In vitro, the expression levels of 
ACOX1 and CPT1C in the FFA group were significantly lower 
than those in the CTRL group, whereas those of ACOX1 
and CPT1C in the three treatment groups were increased 
(Fig. 3E and F). In vivo, the expression levels of ACOX1 and 
CPT1C in the liver of the HFD group were significantly lower 
than those of the CTRL group. The levels of ACOX1 and CPT1C 
in the three treatment groups were higher than those in the 
HFD group, and the increase in the HFD‑DON + ATO group 
was the most pronounced (Fig. 4E and F). When Compound C 

Figure 5. Addition of AMPK inhibitor, CC, prevented donafenib and atorvastatin from affecting fatty acid metabolism. (A) Representative blots of AMPK 
and p‑AMPK with or without the addition of CC in the CTRL group. (B) Quantitative analysis of the expressions of AMPK and p‑AMPK with or without 
the addition of CC in the CTRL group. (C) Representative blots of AMPK and p‑AMPK expressions with the addition of CC in the FFA, FFA‑ATO and 
FFA‑DON groups. (D) Quantitative analysis of the expressions of AMPK and p‑AMPK in the FFA, FFA‑ATO and FFA‑DON groups with the addition of CC. 
(E) Effects of donafenib and atorvastatin on fatty acid accumulation in the FFA, FFA‑ATO and FFA‑DON groups with the addition of CC were analyzed by 
Oil Red O staining. (F) Quantitative analysis of Oil Red O staining in the FFA, FFA‑ATO and FFA‑DON groups after adding CC. (G) Representative blots 
of lipid metabolism‑related proteins in the FFA, FFA‑ATO and FFA‑DON groups with the addition of CC. (H‑K) Quantitative analysis of the expressions 
of lipid metabolism‑related proteins in the FFA, FFA‑ATO and FFA‑DON groups with the addition of CC. The data were presented as the means ± SD. For 
statistical analysis, Student's t test was used in (B). One‑way ANOVA (LSD was used for post hoc multiple comparisons) was used for the other data. ns, no 
significance; CC, Compound C; FFA, free fatty acid; ATO, atorvastatin; DON, donafenib; SREBP‑1, sterol regulatory element‑binding protein‑1; CPT1C, 
carnitine palmitoyl‑transferase 1C; HMGCR, 3‑hydroxy‑3‑methylglutaryl‑CoA reductase; ACOX1, acyl‑CoA oxidase 1. 
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was added, there was no significant difference in the expres‑
sion of CPT1C and ACOX1 in the FFA‑ATO and FFA‑DON 
groups compared with the FFA group (Fig. 5J and K).

Donafenib and atorvastatin af fect lipid metabolism 
parameters. Lipid metabolism parameters in the serum and 
liver tissues were analyzed (Fig. 6). In both the serum and liver 
tissues, the FFA, TG and TC levels of rats in the HFD group 

were significantly higher than those of rats in the CTRL group. 
Compared with the HFD group, the aforementioned param‑
eters of rats in the three treatment groups were lower, which 
was consistent with the results of the liver histological anal‑
ysis. A decrease in the serum LDL‑C levels in the HFD‑ATO 
and HFD‑DON + ATO groups was observed; however, no 
significant changes were observed in the HFD‑DON group. 
Additionally, the serum VLDL‑C and HDL‑C levels in the 

Figure 6. Effects of donafenib and atorvastatin on lipid metabolism parameters in the serum and liver. (A) Serum (A) FFA was measured. (B) Serum TG was 
measured. (C) Serum TC was measured. (D) Hepatic FFA was measured. (E) Hepatic TG was measured. (F) Hepatic TC was measured. (G) Serum HDL‑C was 
measured. (H) Serum LDL‑C was measured. (I) Serum (VLDL‑C) was measured. Data were presented as the means ± SD and analyzed by one‑way ANOVA 
(Tukey was used for post hoc multiple comparisons). *P<0.05, **P<0.01, ***P<0.001 vs. HFD; #P<0.05, ##P<0.01 vs. HFD‑ATO group; †P<0.05, †††P<0.001 vs. 
HFD‑DON group. ns, no significance. FFA, free fatty acid; TG, triglyceride; TC, total cholesterol; HDL‑C, high‑density lipoprotein cholesterol; LCL‑C, 
low‑density lipoprotein cholesterol; VLDL‑C, very‑low‑density lipoprotein cholesterol; HFD, high‑fat diet; ATO, atorvastatin; DON, donafenib. 
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three treatment groups were not significantly different from 
those in the HFD group.

Donafenib and atorvastatin improve oxidative stress. 
Oxidative stress plays an important role in the progression 
of MASLD, and the level of oxidative stress in liver tissues 
was examined. Both atorvastatin and donafenib reduced the 
ROS content in the liver tissue (Fig. 7A and B). Donafenib and 
atorvastatin exhibited different degrees of antioxidant effects 
and the ability of donafenib to reduce ROS was stronger than 
atorvastatin. In the HFD‑DON + ATO group, ROS levels in 
the liver tissue decreased significantly and were only slightly 
higher than those in the CTRL group. At the same time, 
malondialdehyde content in HFD‑DON + ATO group was 
also significantly lower than that in HFD group (Fig. 7C). In 
contrast, superoxide dismutase and glutathione peroxidase 
levels increased in each treatment group (Fig. 7D and E).

Safety of donafenib and atorvastatin in improving MASLD of 
rats. To assess the safety of the administered drug doses, H&E 
staining of the heart, spleen, lung and kidney tissues in all rat 
groups was performed (Fig. S3). No significant differences 
were observed between the groups, suggesting that the doses 
used did not cause toxicity to other organs. Notably, no adverse 
reactions related to donafenib use in rats, such as diarrhea or 

rash were observed. Serum analyses of liver and kidney func‑
tion were performed by measuring the levels of ALT, AST, 
BUN and CRE in each group. AST and ALT levels decreased 
in the HFD‑DON and HFD‑ATO + DON groups, but no statis‑
tically significant differences were found. Furthermore, no 
significant differences in ALT and AST levels were observed 
between the HFD‑ATO and HFD groups. 

Discussion

MASLD is an increasingly significant public health issue on a 
global scale, causing significant liver‑related and extrahepatic 
morbidity and mortality (28). One major feature of MASLD is 
the presence of lipid metabolism disorder. In vitro, the HepG2 
cell line was used to study fat metabolism. This cell line is highly 
differentiated, has an intact biotransformation profile of meta‑
bolic enzymes in the cells, does not require the incorporation 
of an exogenous activation system and contains biotransfor‑
mation metabolic enzymes homologous to those of normal 
human liver parenchymal cells (29,30). As a result, the HepG2 
cell line is widely utilized in MASLD research (18,19,31,32). 
Similar to the methods used by Iturrospe et al (33), a drug 
concentration of IC10 was used. The aim was not to inhibit 
cell proliferation but to regulate cell metabolism, so low drug 
concentrations were used. The present study did not focus 

Figure 7. Effects of donafenib and atorvastatin on oxidative stress. (A) Representative images of ROS immunofluorescence. (B) Quantitative analysis of 
ROS content in liver tissue. (C) MDA content in liver tissue. (D) SOD content in liver tissue. (E) GSH‑Px content in liver tissue. Data were presented as the 
means ± SD and analyzed by one‑way ANOVA (Tukey was used for post hoc multiple comparisons). *P<0.05, **P<0.01, ***P<0.001 vs. HFD group; #P<0.05, 
###P<0.001 vs. HFD‑ATO group; ††P<0.01 vs. HFD‑DON group. ROS, reactive oxygen species; MDA, malondialdehyde; SOD, superoxide dismutase; GSH‑Px; 
glutathione peroxidase; HFD, high‑fat diet; ATO, atorvastatin; DON, donafenib; DHE, dihydroethidium.
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on the ameliorative effect of varying drug concentrations on 
MASLD. Instead, it demonstrated, to the best of our knowl‑
edge, the first time that donafenib modulated lipid metabolism, 
which was the primary focus and innovation of the present 
research. To simulate the dietary structure and pathogenesis in 
modern humans, an MASLD model in rats using a HFD was 
successfully established (34). 

The combination of donafenib and atorvastatin improved 
HFD‑induced MASLD in rats and FFA‑stimulated cells. 
Additionally, the present analysis of related proteins showed 
that  combination therapy  activated the  AMPK pathway, 
down‑regulated the expressions of SREBP‑1, HMGCR and 
FAS, and up‑regulated the expressions of ACOX1 and CPT1C, 
thereby inhibiting the synthesis of fatty acids and promoting 
β‑oxidation of fatty acids. Serum and liver lipid metabolism 
parameters were also measured, and it was found that FFAs, 
triglycerides and cholesterol levels in the serum and liver 
decreased after treatment. Serum VLDL‑C levels remained 
high, indicating that the extrahepatic transport of fatty acids 
remained active. Notably, donafenib and atorvastatin reduced 
oxidative stress in the liver tissue and decreased ROS levels. 
Combined therapy can reduce fatty acid production, promote 
β‑oxidation and transport of fatty acids and reduce liver fat 
content while improving oxidative stress and ultimately 
improving MASLD (Fig. 8). The combination of the two drugs 
provided an improved therapeutic effect, and therefore it was 
hypothesized that there was an additive effect of the two drugs; 
however, it is unclear whether there was a synergistic effect 

of the combined drugs. As to whether they have synergistic 
effects in addition to additive effects, this will be the focus of 
future studies.

Currently, there is no clear conclusion regarding the patho‑
genic mechanism  of  MASLD; however, it is generally 
hypothesized that the liver is overloaded with processing 
energy metabolism substrates (sugars and fatty acids), leading 
to excessive fatty acid deposition in the liver (6). Fatty acids and 
their lipotoxic metabolites can trigger endoplasmic reticulum 
stress, oxidative stress and the activation of inflammatory 
agents, leading to the progression of NASH (10‑12). There 
are four main reasons for increased liver lipid levels  (35). 
Firstly, the conversion of carbohydrates, such as fructose into 
fatty acids by hepatocytes, is one of the main sources of fatty 
acids in the liver. Secondly, FFAs released by the breakdown 
of triglycerides in adipose tissue are transported to the liver 
via the bloodstream, leading to an increase in liver fatty acids. 
Thirdly, reduced β‑oxidation of fatty acids contributes to 
the accumulation of fatty acids in the liver. Lastly, impaired 
synthesis of triglycerides from fatty acids also leads to an 
increase in fatty acids within the liver (6,35). Therefore, by 
acting on these processes, liver lipids can be reduced, and 
MASLD can be improved. Recently, the therapeutic role of 
the  AMPK signaling pathway  in  metabolic diseases  such 
as MASLD has been widely investigated (36,37). p‑AMPK 
directly phosphorylates acetyl CoA carboxylase, thereby inhib‑
iting fatty acid synthesis (38). AMPK also reduces chronic 
inflammation  (39) and directly phosphorylates caspase‑6, 

Figure 8. Mechanisms by which donafenib and atorvastatin improve MASLD in rats. The image was produced using Figdraw. MASLD, metabolic 
dysfunction‑associated steatotic liver disease; SREBP‑1, sterol regulatory element‑binding protein‑1; CPT1C, carnitine palmitoyl‑transferase 1C; HMGCR, 
3‑hydroxy‑3‑methylglutaryl‑CoA reductase; ACOX1, acyl‑CoA oxidase 1; FAS, fatty acid synthase.
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thereby inhibiting lipotoxic metabolite‑induced hepatocyte 
apoptosis in NASH (40). A low dose of sorafenib, a mito‑
chondrial uncoupling agent, activates the AMPK pathway 
and considerably improves MASLD in rats and monkeys (14). 
Moreover, statins have been widely used in experimental 
studies of MASLD to regulate lipid metabolism by acting 
on proteins such as HMG‑CoA reductase  (41). A recent 
study showed that diabetic mice receiving long‑term statins 
expressed more renal SREBP‑1 and showed increased 
renal fatty acid synthesis (42). The present study found that 
donafenib and atorvastatin upregulated p‑AMPK expression. 
This effect disappeared when the AMPK inhibitor was added, 
while there was no significant difference in fat accumulation 
and expressions of lipid metabolism‑related proteins in the 
FFA‑ATO and FFA‑DON groups compared with the FFA 
group. This suggested that donafenib and atorvastatin exert 
their effects on improving MASLD by activating the AMPK 
pathway. Additionally, future endeavors involve conducting 
more in‑depth studies in the future to explore the mechanisms 
by which donafenib and atorvastatin improve MASLD.

Given that both donafenib and atorvastatin affect lipid 
metabolism through the AMPK pathway, the effects of donafenib 
and atorvastatin in treatment of MASLD were explored and 
the underlying mechanisms investigated. In the present study, 
donafenib and atorvastatin inhibited the synthesis of fatty acids, 
increased the β‑oxidation of fatty acids and ultimately reduced 
the accumulation of fatty acids and their metabolites such as 
triglycerides and cholesterol in the liver, thereby improving the 
fatty liver. Owing to the targeted therapeutic mechanisms of 
donafenib, it was speculated that for patients with liver cancer 
who progress from NAFLD, the etiology can be improved by 
treating liver cancer. Further studies are needed to determine 
whether donafenib produces improved therapeutic effects in 
these patients. In contrast, lipid metabolism plays an important 
role in tumor proliferation (43). In addition to its anti‑angiogenic 
effect, the anti‑tumor effect of donafenib may be manifested in 
the regulation of lipid metabolism. To the best of our knowledge, 
the present study is the first study to demonstrate that donafenib 
improves MASLD in rats.

Additionally, oxidative stress is indeed a key patho‑
genic mechanism in MASLD, and studies have shown that 
addressing oxidative stress can improve MASLD (44‑46). 
Furthermore, the American Association for the Study of Liver 
Diseases) has recommended vitamin E supplementation, a 
common antioxidant, for biopsy‑proven NAFLD in nondia‑
betic patients to improve NAFLD (47). In the present study, it 
was found that donafenib and atorvastatin reduced ROS levels 
in liver tissue, suggesting their ability to ameliorate oxidative 
stress, leading to an improvement in MASLD. In the future, 
more in‑depth studies will be conducted on the mechanisms 
by which donafenib and atorvastatin improve MASLD by 
ameliorating oxidative stress. Meanwhile, the therapeutic 
effects of other antioxidants on MASLD should be more 
thoroughly investigated.

Donafenib is clinically used to treat malignant tumors 
and has not been applied to MASLD (15), therefore special 
attention was paid to the dose safety of donafenib and atorvas‑
tatin. The dose of donafenib used was 1 mg/kg/day, which is 
~4.5 mg/day for a 60‑kg person according to the body surface 
area normalization method (48), which is much lower than the 

clinical dose (400 mg/day). Based on good therapeutic effects, 
no similar clinical adverse reactions, such as diarrhea, skin 
erythema and rash, were observed. There were no significant 
differences in serum ALT, AST, BUN and CRE levels between 
the treatment and the HFD groups, and no abnormalities were 
observed upon histological examination of other organs. 
Therefore, both the clinical safety data and our results suggest 
that the donafenib dose used was safe. Additionally, statins 
may increase transaminases levels (49,50), thereby failing to 
ameliorate the decline in liver function caused by NASH. The 
present study detected serum ALT and AST in rats and found 
that atorvastatin did not lead to an abnormal elevation of trans‑
aminase levels, and no significant difference was observed in 
transaminase levels between the HFD‑ATO and HFD groups.

The present study had several limitations. First, only one 
cell model and one animal model were used and whether the 
drug would have similar therapeutic effects in other models 
was not explored. In addition, the drug dose used in rats was 
based on previous literature, and a drug dose gradient was not 
set in the present study. Finally, although the dose used was 
safe for rats, it is important to note that the dose calculated 
by body surface area normalization cannot be directly applied 
in clinical settings. The efficacy and safety of donafenib 
combined with atorvastatin in the treatment of patients with 
MASLD still requires further study.

In conclusion, low‑dose donafenib combined with atorvas‑
tatin improved MASLD by regulating fatty acid metabolism 
and reducing oxidative stress through activation of the AMPK 
signaling pathway. 
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